Abstract. The miscibility behaviour of polymer-nanoparticle / linear-polymer blends (all-polymer nanocomposites) has been investigated using an incompressible mean-field theoretical model that accounts for combinatorial, temperature-dependent exchange interaction energy and nanoparticle-driven effects. The theory is employed to predict the phase diagram of poly(styrene)-nanoparticle (PS-np) / linear-poly(vinyl methyl ether) (PVME) nanocomposites from room temperature to 675 K. Complete miscibility is predicted for PS-nanoparticles with radius < 6 nm blended with PVME (molecular weight 62 500 g/mol, nanoparticle volume fraction 20 %). The effect of PVME molecular weight and blend composition on the miscibility diagram is also addressed.
Introduction
The interest in the synthesis of nanoparticles is growing exponentially due to their new properties arising form nanoscale effects and their potential use in different applications covering from Nanomedicine to Nanoelectronics [1] . Although the synthesis of metal and metal oxide nanoparticles in the sub-10 nm size range is well established, the synthesis of polymer-nanoparticles with diameter < 10 nm is just an emerging field [2] [3] [4] . The lack of versatile synthetic routes to cross-linked individual polymernanoparticles has certainly delayed the development of all-polymer nanocomposites, i.e.
polymer-nanoparticle / linear-polymer blends. Currently, intramolecular cross-linking of individual polymer chains at very dilute concentration is the main synthetic route to collapsed polymer-nanoparticles in the 3-15 nm size range [2] . For all-polymer nanocomposites new and interesting nanoscale effects are expected. A good example is the non-Einstein rheological behaviour reported for athermal poly(styrene)-nanoparticle (PS-np) / linear-poly(styrene) (PS) nanocomposites in the melt state [3, 4] . Fine-tuning of the polymer-nanoparticle size becomes crucial to observe such unexpected behaviour.
Another example is the miscibility observed in blends of poly(ethylene)-nanoparticle (PE-np) and PS [1] , even when binary linear-polyethylene (PE) / PS blends are well known to be immiscible.
Recently, we have developed an entropic model for predicting the phase behaviour of athermal all-polymer nanocomposites [5a] . A comparison of the predictive theory and reported experimental data has been performed by using the poly(styrene)-nanoparticle (PS-np) / linear-poly(styrene) (PS) pair as a model system. The excellent agreement observed indicated that dilution of contact nanoparticle-nanoparticle interactions (instead of a nanoscale surface enthalpy gain) plays a key role in explaining the miscibility behaviour of cross-linked nanoparticles dispersed in a chemically identical linear polymer matrix [5a] .
In this paper, we extend our recent theory to treat weakly interacting all-polymer nanocomposites. The new incompressible mean-field theoretical model introduced accounts for combinatorial, temperature-dependent exchange interaction energy and nanoparticle-driven effects. The theory is employed to predict the phase diagram of poly(styrene)-nanoparticle (PS-np) / linear-poly(vinyl methyl ether) (PVME) nanocomposites. Theoretical predictions indicate that sub-10 nm PS-nanoparticles should be actually miscibility improvers in PS-np / PVME nanocomposites. 
where Eq. 1a-b has been reported previously by treating athermal all-polymer nanocomposites [5a] . Eq. 1a provides the contribution to the total free energy of mixing due to the combinatorial entropy of mixing whereas eq. 1b gives the contribution to the free energy of mixing due to nanoparticle-driven effects. Eq. 1b takes into account the dilution of hard sphere-like nanoparticle-nanoparticle interactions upon mixing (first rhs term) and the stretching of the linear-polymer chains due to the presence of the nanoparticles (second rhs term). Referring to this latter term, a Ginburg-type expansion term is adopted here to account for the fact that the polymer-nanoparticles cause stretching of the polymer chains in their vicinity [6] . This term is insensitive to the chemical nature of the linear-chains and it is only dependent on chain length and nanoparticle size.
Eq. 1c accounts for the temperature-and nanoparticle size-dependent interaction effects in the weakly interacting all-polymer nanocomposite. As in Ginzburg It is well known that for a binary blend to be thermodynamically stable against phase splitting, the following conditions must be fulfilled:
0 just determines the spinodal miscibility boundary in the phase diagram. In terms of the model, it is given by
where 
Results and discussion
Binary blends of PS and PVME phase separate upon heating through a lower critical solution temperature (LCST) phase behaviour [7, 8] . As an example, for PS ( n M~500 000 g/mol) / PVME ( n M~50 000 g/mol) blends at a volume fraction of PS of 20 %, the LCST is experimentally found at ~ 375 K. Modelling of the LCST of binary PS / PVME blends has been performed by means of different theoretical approaches such as latticefluid equation-of-state [9] or lattice cluster theories [10] . Alternatively, a simpler mean field binary interaction model with temperature-dependent interaction parameters was 108 Journal of Nano Research Vol. 2 used to estimate the interaction energy between PS and PVME [11, 12] . Hence, modelling of the LCST phase boundary of PVME / poly(styrene-co-methyl methacrylate)
blends provided a reliable temperature-dependent interaction parameter for the PS / PVME pair: T / 15 015 . 0 − ≈ χ . As an example, by using this temperature-dependent interaction parameter, the predicted LCST for the above PS / PVME blend is 370 K.
In this work we are interested to investigate, from a theoretical point of view, the effect on the PS / PVME phase diagram of changing one of the components from a linear-polymer (e.g. linear-PS) to a polymer-nanoparticle (e.g. PS-nanoparticle). The predicted spinodal miscibility boundary for PS-nanoparticle / PVME nanocomposites as a function of nanoparticle radius is illustrated in Fig. 1 .
Miscible region
Immiscible region Interestingly, complete miscibility across the 275 -675 temperature range is calculated for PS-nanoparticles with radius < 6 nm. Conversely, for PS-nanoparticles with radius > 7 nm complete phase separation is expected. For PS-nanoparticles of 6.5 nm in radius, the presence of a LCST at 454 K is predicted.
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Fig . 2 is always negative following also a linear trend with T (see eq. 2b). We have also investigated the effect of PVME molecular weight and blend composition on the phase diagram of PS-np / PVME nanocomposites.
As can be seen in Figure 3 , for PVME with n M = 15 000 g/mol complete miscibility in the 275 -675 temperature range is obtained for PS-np with radii < 3.8 nm. Upon increasing the PVME molecular weight to 125 000 g/mol, miscibility is predicted for PSnp with radii < 8.3 nm. According to the model, the entropy penalty for nanoparticle inclusion into the linear-polymer matrix (second rhs term in eq. 1b and 2b) decreases for larger linear-polymer chains (
) so larger nanoparticles can be accommodated.
We found no significant differences in critical nanoparticle radius for immiscibility as function of composition for PS-np / PVME ( n M = 62 500 g/mol) nanocomposites. As an example, complete miscibility at 298 K is predicted for nanocomposites with p R < 6.7 nm, p R < 6.8 nm and p R < 7.4 nm at 1 φ = 0.1, 1 φ = 0.2 and 1 φ = 0.3, respectively.
Conclusions
We have performed a theoretical study of the effect of polymer-nanoparticles on the phase behaviour of weakly interacting all-polymer nanocomposites. An incompressible mean-field theoretical model that accounts for combinatorial, temperature-dependent exchange interaction energy and nanoparticle-driven effects has been introduced and employed to predict the phase behaviour of PS-np / PVME nanocomposites.
Complete miscibility is expected for PS-nanoparticles with radius < 6 nm blended with PVME ( n M = 62 500 g/mol) at 1 φ = 0.2. In the nanocomposites, the critical nanoparticle radius for immiscibility was found to increase with PVME molecular weight. As an example, complete miscibility was predicted for PS-np with p R < 3.8 nm and PVME with n M = 15 000 g/mol. For PVME with n M = 125 000 g/mol, miscibility is expected for PS-np with p R < 8.3 nm. Conversely, differences in blend composition (at low nanoparticle volume fractions for which the model is valid) showed not a pronounced effect on the critical nanoparticle radius for immiscibility.
When compared to the well-known experimental phase diagram of linear-PS / PVME blends displaying lower critical solution temperature (LCST) behaviour, the miscibility improving effect of sub-10 nm PS-nanoparticles was clearly highlighted. In terms of the model, this favourable nanoscale effect arises mainly from the reduced stretching induced by the sub-10 nm nanoparticles and the increased exothermic contacts when compared to nanoparticles with p R > 10 nm.
We are currently extending the present study to cover other polymer-nanoparticle / linear-polymer systems using well-established temperature-dependent binary interaction parameters. A check of the theoretical predictions and experimental data will be certainly valuable.
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